We calculate the effects of finite density and temperature of isospin asymmetric strange hadronic matter, for different strangeness fractions, on the in-medium properties of vector (D * , D * s , B * , B * s ) and axial-vector (D 1 , D 1s , B 1 , B 1s ) mesons, using chiral hadronic SU(3) model and QCD sum rules.
I. INTRODUCTION
The aim of relativistic heavy-ion collision experiments is to explore the different phases of QCD phase diagram so as to understand the underlying strong interaction physics of Quantum Chromodynamics. The different regions of QCD phase diagram can be explored by varying the beam energy in the high energy heavy-ion collision experiments. The nucleusnucleus collisions at the Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) experiments explore the region of the QCD phase diagram at low baryonic densities and high temperatures. However, the objective of the Compressed Baryonic Matter (CBM) experiment of FAIR project (at GSI Germany) is to study the region of phase diagram at high baryonic density and moderate temperature. In nature these kind of phases may exist in astrophysical compact objects, e.g., in neutron stars. Among the many different observables which may be produced in CBM experiment, the one of them may be the production of had also been studied using the unitary meson-baryon coupled channel approach and incorporating the heavy-quark spin symmetry [15, 16] . The theoretical investigations of open or hidden charmed meson properties at finite density and temperature of the nuclear matter may help us in understanding their production rates, decay constants, decay widths, etc., in heavy-ion collision experiments.
The in-medium properties of open charm and bottom mesons are evaluated using the quark meson coupling model in Refs. [14, 17] . The medium modified masses of D mesons, calculated within QMC model, were used as input for the study of mass modification of J/ψ mesons in the nuclear matter [18] . Borel transformed QCD sum rules, involving operator product expansion (OPE) upto dimension-4, were used to investigate the in-medium modifications of pseudoscalar D mesons and the impact of these modifications on charmonium suppression in Ref. [19] . The study of open charm mesons within QCD sum rules were further carried out in Ref. [20] , where even as well as odd part of OPE was used to study mass-spitting between pseudoscalar D-D doublet. In the study of mass shift of D mesons in
Ref. [20] , a positive mass shift of about +45 MeV was obtained at normal nuclear saturation density, whereas in the work of Ref. [19] , a negative mass-shift of magnitude 50 MeV was observed. The properties of pseudoscalar B mesons as well as charm strange D s mesons were also studied in Ref. [20] and these studies were further extended to the scalar D mesons in Ref. [21] . In Ref. [22] , the OPE for pseudoscalars D and B mesons was performed for both, the normal-order operators and also for non-normal-ordered operators. A projection method to calculate the higher order contributions to OPE, for in-medium QCD sum rules of D mesons was used in Ref. [23] . A study on the decomposition of higher dimensional condensates into vacuum part and a medium part was done recently in [24] . The heavy quark expansion for the study of D and B mesons in the nuclear matter was performed in [25] . The Wilson coefficients and four quark condensates in the QCD sum rules for the medium modification of D mesons were calculated in Ref. [26] .
The properties of open and hidden charm mesons have also been studied to great extent in coupled channel approach [27] [28] [29] [30] [31] [32] [33] [34] [35] . Using the separable potential technique between mesonbaryon interactions and SU(3) symmetry among the u, d and c quarks, the spectral properties of D mesons were investigated in the nuclear matter at zero [27] and finite temperatures [28] .
In the work of references [29, 30] , the properties of D mesons were studied in SU(4) sector including the strangeness channel also and breaking SU(4) symmetry through the exchange of vector mesons. In Ref. [31] , the properties of D andD mesons were investigated selfconsistently in coupled channel approach including the Pauli blocking effects and mean field potential of baryons. The properties of scalar charm resonances and hidden charm resonances were also studied using coupled channel method in [32] .
The study of open charm mesons within coupled channel approach was further improved by using heavy quark spin-flavour symmetry and the in-medium properties of charmed pseudoscalar and vector mesons as well as charm baryon resonances Λ c , Σ c , Ξ c and Ω c were investigated [16, 33] . In Ref. [34] , the chiral unitary coupled channel approach was used to study the interactions of light vector mesons with baryon and nuclei and the possibilities of the formation of quasibound states of vector mesons with baryons were observed. These studies were also extended to charm sector where hidden charm states were observed and which has consequences on J/ψ suppression [34] . The baryons states with charm degree of freedom can be generated dynamically within the coupled channel approach and also incorporating the heavy quark spin symmetry [35] .
The chiral hadronic SU(3) model is generalized to SU(4) and SU(5) sector, for investigating the in-medium properties of pseudoscalar D and B mesons [36] [37] [38] . The in-medium mass modifications of scalar, vector and axial-vector heavy D and B mesons were investigated using the QCD sum rules in the nuclear matter in [39, 40] . In Ref. [41] , we studied the mass-modifications of scalar, vector and axial vector heavy charmed and bottom mesons at finite density of the nuclear matter using the chiral SU(3) model and QCD sum rules. In this approach, we evaluated the medium modifications of quark and gluon condensates in the nuclear matter through the medium modification of scalar isoscalar fields σ and ζ and the scalar dilaton field χ. In the present paper, we shall evaluate the properties of vector and axial-vector mesons in the hot and dense isospin asymmetric strange hadronic medium.
In the QCD sum rules, the properties of above mesons are modified through the quark and gluon condensates. Within the chiral hadronic model the quark and gluon condensates are written in terms of scalar fields σ, ζ and δ and the scalar dilaton field χ. We shall evaluate the σ, ζ, δ and χ fields and hence the quark and gluon condensates in the medium consisting of nucleons and hyperons and shall find the mass shift and shift in decay constants of heavy vector and axial vector mesons.
The study of decay constant of heavy mesons play important role in understanding the strong decay of heavy mesons, their electromagnetic structure as well radiative decay width. [43] . An extensive literature is available on the calculations of decay constants of heavy mesons in the free space, for example, the QCD sum rules based on OPE of two-point correlation function, heavy-quark expansion [44] , sum rules in heavy-quark effective theory [45, 46] and sum rules with gluon radiative corrections to the correlation functions upto two loop [47] [48] [49] or three loop [50] . However, the in-medium modifications of decay constants of heavy mesons had been studied in symmetric nuclear matter only [51, 52] . The thermal modification (at zero baryonic density) of decay constants of heavy vector mesons was investigated in Ref. [53] and it was observed that the values of decay constants remained almost constant upto 100 MeV, but above this decrease sharply with increase in temperature.
We shall present this work as follows: In Sec. II, we shall briefly describe the chiral SU(3) model which is used to evaluate the quark and gluon condensates in the strange hadronic matter. Section III will introduce the QCD sum rules which we shall use in the present work along with chiral model to evaluate the in-medium properties of mesons. In Sec. IV, we shall present our results of present investigation and possible discussion on these results.
Section V will summarize the present work.
II. CHIRAL SU(3) MODEL
The basic theory of strong interaction, the QCD, is not directly applicable in the nonperturbative regime. To overcome this limitation, the effective theories, constrained by the basic properties, e.g., chiral symmetry and scale invariance of QCD, are constructed.
The chiral SU(3) model is one such effective model based on the non-linear realization and broken scale invariance as well as spontaneous breaking properties of chiral symmetry [54, 55] . The glueball field χ is introduced in the model to account for the broken scale invariance properties of QCD. The model had been used successfully in the literature to study the properties of hadrons at finite density and temperature of the nuclear and strange hadronic medium. The general Lagrangian density of the chiral SU(3) model involve the kinetic energy terms, the baryon meson interactions, self interaction of vector mesons, scalar mesons-meson interactions as well as the explicit chiral symmetry breaking term [54] . From the Lagrangian densities of the chiral SU(3) model, using the mean field approximation, we find the coupled equations of motion for the scalar fields σ, ζ, δ and the scalar dilaton field χ [55] . These coupled equations of motion for the above fields are solved for the different values of isospin asymmetry parameter I, and strangeness fraction f s , of the hadronic medium at finite density and temperature. The isospin asymmetry parameter, I, is defined by the
, where, ρ n and ρ p , are the number densities of neutrons and protons respectively and ρ B is baryon density. The strangeness fraction of the medium is given by,
Here, s i , is the number of strange quarks and ρ i is the number density of i th baryon [55] .
In the present work, for the evaluation of vector and axial-vector meson properties using [19, 40] . In this way, we will also be able to study the mass-splitting of isospin doublet due to isospin asymmetry of the medium. To find the mass splitting of particles and antiparticles in the nuclear medium one has to consider the even and odd part of QCD sum rules [20] . For example, in Ref. [20] the mass splitting between pseudoscalar D andD mesons was investigated using the even and odd QCD sum rules, whereas in [19, 39, 40] the mass-shift of D mesons was investigated under centroid approximation. It means, in the present work we assumed the degeneracy between particle-antiparticle mass. Note that the sum rules for D 0 can be obtained from the D + just by replacing d quark by u quark [22] .
In literature of QCD sum rules, the pion bath contributions are used to evaluate the effects of finite temperature of the medium on the properties of mesons [56, 57] . In our present approach, however, the effects of finite temperature of the medium on the properties of vector and axial-vector mesons are evaluated through the temperature dependence of scalar fields σ, ζ, δ and χ, which will appear through static one nucleon part [36, 41, 55, 58, 59] .
For the case of vector and axial vector mesons, the correlation function T N µν (ω, q ), which appear in the static nucleon part, can be written in terms of forward scattering amplitudes T N (ω, q ) (corresponding to vector and axial-vector mesons) and T 0 N (ω, q) (corresponding to scalar and pseudoscalar mesons), as follows [51, 60] ,
Note that in the present work, we are interested in the properties of vector and axial-vector mesons and therefore, second term of Eq. (7) will not contribute. The forward scattering amplitude T N (ω, q), in the limit, q → 0, can be written in terms of spin averaged spectral density ρ, as follows [52, 60] ,
Near the pole positions of vector and axial vector mesons, the phenomenological spectral densities can be further related to the D * N and D 1 N scattering matrix T , and can be parametrized with three unknown parameters a, b and c as discussed in Refs. [19, [39] [40] [41] .
Also, the in-medium mass shift, δm D * /D 1 , of vector and axial-vector mesons can be related to their scattering length a D * /D 1 , through parameter a and is given by [19, [39] [40] [41] ,
The shift in the decay constant of vector or axial vector mesons can be written as [51] ,
From Eqs. (9) and (10) we observe that, to find the value of mass shift and shift in decay constant of mesons, we first need to know the value of unknown parameters a and b. For achieving this, the equations for Borel transformation of the scattering matrix on the phenomenological side are equated to the Borel transformation of the scattering matrix for the OPE side [19, 39, 40] . The detailed expressions for the Borel transformed equations of heavy vector and axial-vector mesons can be found in Refs. [40, 41] . The unknown parameters a and b, will appear in these Borel transformed equations. To obtain the values of these two unknown parameters, the Borel transformed equation of the meson under study is differentiated w.r.t.
1
M 2 , so that we could have two equations and two unknowns. By solving those two coupled equations we will be able to get the values of parameters, a and b.
Also note that, the Borel transformed equations of vector and axial-vector mesons will depend on the nucleon expectation values of quark condensates, q † iD 0 q , qg s σGq and qiD 0 iD 0 q , and the gluon condensate 
to 3.86 [40] . The masses of quarks namely, up (u), down (d), strange (s), charm (c), and bottom (b), used in the present work are, 0.005, 0.007, 0.095, 1.35 and 4.7 GeV, respectively.
In Table I , we mentioned the values of masses m, decay constants f and threshold parameters s 0 , of vector and axial-vector mesons [40, 51] . The values of decay constants of strange vector mesons are calculated in terms of decay constants of non-strange vector mesons in
Refs. [50, [63] [64] [65] . In Ref. [50] , using QCD sum rules, the values for f Ds * and f Bs * are found to be 1.21f D * and 1.20f B * , respectively. In [63] , the decay constants of f Ds * are calculated from the simulations of twisted mass QCD and is observed to be 1. [63, 65] . The continuum threshold parameter s 0 , define the scale below which the continuum contribution vanishes [57] . The values of continuum threshold parameters s 0 are chosen so as to reproduce the experimental observed vacuum values of the masses of vector and axial-vector mesons [40, 51] . We assume that the various coupling constants and continuum threshold parameters are not subjected to medium modifications. Table II . This is consistent with observations of Ref. [51] . Our further discussion in the present section is divided into three subsections. In subsection A, we shall discuss about the behavior of scalar fields and condensates in the strange hadronic medium, at zero and finite temperature. Subsections B and C will be devoted to present the results on vector and axial-vector mesons, respectively.
A. Scalar Fields and Condensates:
We start with the discussion on the behavior of quark and gluon condensates for different strangeness fractions and isospin asymmetry parameters of strange hadronic medium. In literature, the quark condensates are evaluated to leading order in nuclear density using the Feynman Hellmann theorem and model independent results were obtained in terms of pion nucleon sigma term [66, 67] . Using the Feynman Hellmann theorem, the quark condensate at finite density of nuclear matter is expressed as a sum of vacuum value and a term dependent on energy density of nuclear matter. In the model independent calculations, the interactions between nucleons were neglected and free space nucleon mass was used. If one use only the leading order calculations for the evaluation of quark condensates above nuclear matter density, then the quark condensates decreases very sharply and almost vanishes around 3ρ 0 .
In Ref. [68] , the Dirac-Brueckner approach with the Bonn boson-exchange potential was used to include the higher order corrections and to find the quark condensates in the nuclear matter above the nuclear matter density. The calculations show that at higher density the quark condensates decrease more slowly as compared to leading order predictions.
As discussed earlier, in the chiral SU(3) model, used in the present work, the quark and gluon condensates are expressed in terms of scalar fields σ, ζ, δ and χ [55, 58] . In Fig. 1, we show the variation of, ratio of in-medium value to vacuum value of scalar fields, as a function of baryonic density of strange hadronic medium. We show the results for temperatures T = 0 and T = 100 MeV. For each value of temperature T , the results are plotted for isospin asymmetry parameters I = 0 and 0.5 and the strangeness fractions f s = 0 and 0.5. From and therefore, former is more sensitive to isospin asymmetry of the medium (property of u and d quarks) and the latter is to the strangeness fraction. For the finite baryonic density of the medium, the scalar fields undergo less drop at non-zero temperature of the medium, as compared to zero temperature situation. This effect of temperature is more pronounced at finite strangeness and higher baryonic density of the medium. For example, in symmetric nuclear matter, at baryonic density ρ B = ρ 0 , for a change of temperature from T = 0 to T = 100 MeV, the magnitude of scalar field σ, is increased by approximately 6%. However, at ρ B = 4ρ 0 and f s = 0.5, the increase in the magnitude of σ is 12%. The observed behavior of scalar fields with the temperature of the medium, in the present chiral SU(3) hadronic model, is consistent with the calculation within chiral quark mean field model discussed in
Ref. [69] .
In Figs. 2 and 3 We observe that, for a given value of temperature T , isospin asymmetry parameter I, and the strangeness fraction f s , as a function of baryonic density, the magnitude of the values of quark condensate decreases w.r.t. vacuum value. This is because, the values of quark condensates are proportional to the scalar fields σ and ζ (see Eqs. (3) to (5)). As discussed above, the magnitude of these scalar fields undergo drop as a function of density of baryonic matter and this further cause a decrease in the magnitude of quark condensates. As we move from symmetric to the asymmetric medium, due opposite contribution of scalar-isovector mesons δ, the values of condensate ūu increases, whereas that of d d decreases.
In isospin symmetric medium (I = 0), below baryon density ρ B = 3.3ρ 0 , as we move from non-strange medium, i.e., f s = 0, to strange medium with f s = 0.5, the magnitude of light quark condensates ūu increases. Above baryon density, ρ B = 3.3 ρ 0 , the magnitude of the values of light quark condensates is more in non strange medium (f s = 0) as compared to strange medium with finite f s . From Fig. 2 , we observe that, as a function of density of baryonic matter, we always observe a decrease in the values of quark condensates. This support the expectation of chiral symmetry restoration at high baryonic density. However, in linear Walecka model [70, 71] and also in Dirac-Brueckner approach [68] , the values of quark condensates are observed to increase at higher values of baryonic density and causes hindrance to chiral symmetry restoration. The possible reason for this may be that the chiral invariance property was not considered in these calculations [68] . As the strange quark condensates ss , is proportional to the strange scalar-isoscalar field ζ, therefore, the behavior of this field as a function of various parameters of the medium is also reflected in the values of strange quark condensate ss . For fixed baryon density, ρ B and isospin asymmetry parameter I, as we move from non-strange to strange hadronic medium, the values of strange condensate decreases. This observation is consistent with earlier model independent calculations by Cohen [67] and also with the QMC model calculation in Ref. [72] .
Also it is observed that, at zero baryonic density, the behavior of scalar fields and hence the scalar quarks and gluon condensates, as a function of temperature of the medium is opposite to the situation of finite baryonic density. At ρ B = 0, the drop in the scalar fields and scalar condensates increases (magnitude decreases) with increase in temperature of the medium. Recall from previous discussion, at finite ρ B , the drop in the scalar fields and hence scalar condensates was decreasing (magnitude increasing) with increase in the temperature of the medium (see Figs. 2 and 3) . However, for zero baryonic density, the change in the magnitude of scalar fields with the temperature is very small in the hadronic medium. For example, at ρ B = 0, the magnitude of the scalar field σ (ζ) decreases by 0.06% (0.02%) as one move from T = 0 to T = 100 MeV. For a change of temperature from T = 100 to T = 150 MeV, the magnitude of σ (ζ) decreases by 2.5% (0.8%). The values of, light quark condensate, strange quark condensate, and the gluon condensate with zero quark mass term, at ρ B = 0, changes by 2.75%, 0.85%, and 0.08% respectively, as T is changed from 0 to 150
MeV. However, at very high temperature, possibly above critical temperature, the values of scalar condensates may change sharply [73] . As we discussed earlier, in literature the values of scalar condensates at finite temperatures and zero baryonic densities are calculated using the pion bath contributions [57] . Our observations on the behavior of condensates as a In Fig. 4 (Fig. 5) Table IV (Table V) condensates as a function of temperature of the medium, at given finite baryonic density [69] .
In Fig. 6 and Table VI, hadronic medium. We notice that, the effect of increasing either the density or strangeness is negligible, at least upto linear density approximation, as was also found in literature [19, 39, 40, 51] . However, at high density it might become important. Neglecting In [20, 21] , it was observed that beyond linear density approximation there occur strong splitting between the particle-antiparticle mass. In these work, the correlation function was parametrized, using the Lehmann representation, into the form, Im π(ω, 0) = ∆π(ω) =
is mass center and ∆m is the mass splitting between particle-antiparticles. This correlation function was further used in the odd and even part of QCD sum rules. However, in our present approach, following the work of [19, 40] , the correlation function is divided into the vacuum part and a medium dependent part and the average mass-shift was obtained. In
Ref. [77] , the mass-splitting between vector and axial-vector mesons had been studied using the Weinberg sum rules.
In the self consistent coupled channel approach of Ref. [16] . The traces of observed medium modifications of masses and decay constants can be seen experimentally in the strong decay width and leptonic decay width of heavy mesons [52] . For example, in Ref.
[43] the couplings g D * Dπ and g B * Bπ were studied using the QCD sum rules and strong decay width of charged vector D * + mesons for the strong decay, D * + −→ D 0 π + were evaluated using the formula,
where, pion momentum, k π is,
In Eq. 11, coupling g Using vacuum values for the masses of D mesons, the values of decay width Γ(D * + −→ D 0 π + ) is observed to be 32 ± 5 keV [43] . However, as we discussed in our present work, the charmed mesons get modified in the hadronic medium and this must lead to the medium modification of decay width of these mesons. For example, if we consider the in-medium masses of vector mesons from our present work and for pseudoscalar mesons we use the in-medium masses from Ref. [36] (in this reference the mass modifications of pseudoscalar D mesons were calculated using the chiral SU(4) model in nuclear and strange hadronic medium), then in nuclear medium (f s = 0), at baryon density, ρ B = ρ 0 , the values of decay width, Γ(D * + −→ D 0 π + ), are observed to be 219 keV and 31 keV at asymmetry parameter I = 0 and 0.5, respectively. In strange medium (f s = 0.5), the above values of decay width will change to 84 and 25 keV at I = 0 and 0.5, respectively. We observe that the decay width of heavy mesons vary appreciably because of medium modification of heavy meson masses. In our future work we shall evaluate in detail the effects of medium modifications of masses and decay constants of heavy charmed and bottom mesons on the above mentioned experimental observables.
V. SUMMARY
In short, we computed the mass shift and shift in decay constants of vector and axialvector, charm and bottom mesons, in asymmetric hadronic matter, consisting of nucleon and hyperons, using phenomenological chiral model and QCD sum rules, at zero as well as at finite temperature. For this, first the quark and gluon condensates were calculated using chiral hadronic model and then, using these values of condensates as input in QCD sum rules, the in-medium properties of vector and axial-vector mesons were evaluated. We 
